The rpoB gene coding for a /3-like subunit of the chloroplast DNA-dependent RNA polymerase has been located on the chloroplast genome of Euglena gracilis distal to the rrnC ribosomal RNA operon. We have determined 5760 base-pairs of DNA sequence, including 97 bp of the 5S rRNA gene, an intergenic spacer of 1264 bp, the rpoB gene of 4249 bp, 84 bp spacer and 67 bp of the rpoC1 gene. The rpoB gene is of the same polarity as the rRNA operons. The organization of the rpoB and rpoC genes resembles the E. coll rpoB-rpoC and higher plant chloroplast rpoBrpoC1-rpoC2 operons. The Euglena rpoB gene (1082 codons) encodes a polypeptlde with a predicted molecular weight of 124,288. The rpoB gene is interrupted by seven Group III introns of 93, 95, 94, 99, 101, 110 and 99 bp respectively and a Group II intron of 309 bp. All other known rpoB genes lack introns. All the exon-exon junctions were experimentally determined by cDNA cloning and sequencing or direct primer extension RNA sequencing. Transcripts from the rpoB locus were characterized by Northern hybridization. Fully-spliced, monocistronic rpoB mRNA, as well as rpoB-rpoC1 and rpoB1-rpoC1-rpoC2 mRNAs were identified.
INTRODUCTION
Chloroplast genes are transcribed, and the resulting mRNAs are translated via plastid-specific RNA polymerase(s) and ribosomes, respectively. The genes for tRNAs, rRNAs and several messenger RNAs are chloroplast encoded (I, 2, 3, 4). In the chloroplast of the unicellular protist Euglena gracilis, two different RNA polymerase activities have been reported (4, 5, 6, 7) . One of the polymerases is tightly bound to the chloroplast DNA. This complex is known as the transcriptionally active chromosome ('TAC'). A different RNA polymerase activity is found in a soluble extract of the chloroplast ('soluble').
In E. coli the RNA polymerase is a protein complex composed of four different polypeptides designated a (MW 37 000), (3 (MW 151 000), B' (MW 155 000) and a (MW 70 000) that are encoded by the genes rpoA, rpoB, rpoC and rpoD, respectively. The subunit composition is a-$ (5'o (8) . Eukaryotic RNA polymerase genes coding for the largest and second largest subunits, homologues to the E. coli /3 and /3'-subunits have been described (9, 10, 11, 12) . It has been suggested that the genes for the chloroplast RNA polymerase are nuclear encoded (13) . Subsequently, the equivalent of the E. coli rpoA (14) , rpoB and rpoC (15) genes were reported in the spinach chloroplast genome. These three genes have been also identified in tobacco (3), liverwort (2) , and rice (16) . In chloroplasts, the rpoC-like genetic information appears to be encoded in two genes, designated rpoCl-rpoC2 (15) .
We are interested in the relationship between chloroplast genes for RNA polymerase subunits and the known chloroplast polymerase activities. Antibodies against fusion proteins that contained fragments of the chloroplast genes rpoA from spinach, rpoB from tobacco, and rpoC2 from Euglena, were able to immobilize a chloroplast RNA polymerase from spinach, pea and Euglena gracilis (17) . The antibodies also inhibited the 'soluble' enzyme active in tRNA and mRNA synthesis but had almost no effect on the activity of the E. gracilis 'TAC (17) . It has been recently shown (18) that fusion protein antibodies prepared against the pea chloroplast rpoA gene product detect a 43 kDa polypeptide in a chloroplast RNA polymerase preparation.
To better understand the differences in enzymatic activity of Euglena chloroplast 'soluble' and 'TAC RNA polymerases, we have characterized the Euglena chloroplast rpoB locus. This is a first step toward identification of the corresponding enzyme subunit in RNA polymerase preparations. We found that the rpoB gene organization was so unusual that cDNA cloning and sequencing was also required to determine the structure of the mature mRNA. We present the complete nucleotide sequence of the Euglena gracilis chloroplast rpoB gene, the upstream region of the gene including 97 nucleotides of the 3'-end of the 5S rRNA gene from the rrnC operon for orientation (19) , the spacer region between the rpoB and rpoCl genes and 67 nucleotides of the 5'-end of the rpoCl gene. The rpoB gene is interrupted by 8 introns. Intron 8 (309 nt) belongs to the Group II category. The remaining 7 introns belong to a new class of introns, designated as 'Group III' (20) similar to the small introns described in E. gracilis tufA (21) and ribosomal protein genes (20, 22) . All the exon-exon boundaries were experimentally determined by cDNA primer extension sequencing of the mRNA, or by cDNA synthesis, PCR amplification, cloning and sequencing of the cDNA. The relatedness of Euglena gracilis chloroplast rpoB product was evaluated by comparing its derived amino acid sequence with the amino acid sequences of the E. coli 0-subunit gene and the chloroplast homologues from tobacco, liverwort and spinach chloroplast genomes using computer-assisted, multiple sequence alignment algorithms.
MATERIALS AND METHODS Materials
Enzymes, chemicals and [a 35 S]dATP were purchased from BRL, (Gaithersburg, MD), NEN, Dupont, (Boston, MA), BIO RAD, (Richmond, CA) and Sigma Chemical Company (St. Louis, MO). Bluescript and Bluescribe (+) and (-) vectors were obtained from Vector Cloning Systems, (San Diego, CA). Sequenase kits were purchased from U.S. Biochemical Co. (Cleveland, OH.) DNA subcloning and exonuclease IIT/S1 deletions Chloroplast DNA from Euglena gracilis Pringsheim, strain Z was isolated according to the procedure described in (23) . Recombinant plasmid pPGl 1, containing the EcoRI restriction fragment EcoF (Fig.l) (19) , was used as a source of the 5.14 kb EcoRI-BamHI fragment of EcoF. This fragment was cloned into Bluescript and Bluescribe (-) vectors using JM101 or XLl-blue E. coli cells as hosts (24) . The resulting recombinant plasmids were designated pEZC931 and pEZC932, respectively. The EcoRI fragment EcoR (Fig. 1 ) was subcloned from plasmid pPG671 (22) into Bluescribe (-) in both orientations. The new plasmids are designated pEZC929 and pEZC93O. A 2.0 kb Hindm fragment, that overlaps the EcoF-EcoR (Fig. 1 ) junction was isolated from HindHI-digested chloroplast DNA by agarose gel electrophoresis, eluted from the agarose using GeneClean (BIO 101, La Jolla, CA.), and cloned into Bluescript (-) in both orientations. The new recombinant DNAs are designated pEZC935 and pEZC936.
Plasmid DNAs were purified using a cleared lysis method (25) and linearized with restriction enzymes for exonuclease HI/SI digestions. Overlapping, unidirectional deletion subclones were generated according to the procedure of Henikoff (26) with the following three steps: (i) unidirectional 3'-exonuclease III deletions into the chloroplast insert, (ii) SI nuclease digestion, and (iii) intramolecular blunt end religation and transformation. Single stranded template DNAs were prepared using the defective phage M13KO7 as a helper phage (27) , and sequenced using [o^SJdATP and the dideoxy-chain termination method (28) with the Klenow fragment of DNA polymerase I or Sequenase (28) .
DNA sequence analysis
Analysis of DNA sequence data was performed on IBM-PC/XT and PC/AT computers using the DNA and protein analysis programs of Mount and Conrad (30) . The program FASTP (31) was used for initial homology searches with the derived amino acid sequence in the Protein Identification Resource (P.I.R.) of the National Biomedical Research Foundation. A progressive multiple alignment method (32, 33) , was utilized to achieve the multiple sequence alignments of the /3-like subunit amino acid sequences on a DEC-Microvax 2 computer. cDNA synthesis, DNA amplification and cDNA cloning Chloroplasts were purified from cell lysates by differential centrifugation and sucrose flotation (22) . RNA was isolated by resuspending the chloroplasts in lysis buffer (0.5% SDS, 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 5 mM DTT), extracting three times with an equal volume of phenol (saturated with 10 mM Tris-HCl pH 8.0, 1 mM EDTA), followed by two extractions with chloroform-isoamyl alcohol (24:1), and collected by ethanol precipitation. Before the RNA was utilized for cDNA synthesis, the DNA was digested with RQ1 RNase-free DNase (Promega Biotechnology, Madison,WI), followed by phenol and chloroform extractions and ethanol precipitation as previously described.
Synthetic oligodeoxynucleotides for cDNA synthesis and polymerase chain reactions (PCR)-amplification were purchased from Promega Biotechnology Figs. 1 and 2 ) was designated P2. The amplification cycle consisted of 1 min of denaturation at 95°C, followed by 2 min of annealing at 45°C and 3 min of polymerization at 72°C. Amplification was repeated for 30 cycles. Amplified DNA fragments were digested with SI nuclease (70 units per /tg of DNA) to produce blunt ends, electrophoresed through a 1% agarose gel, eluted from the agarose using GeneClean and cloned into Smal digested Bluescript or Bluescribe vectors. The cDNA clones were designated pEZClOOO (Cl-Pl primers) and pEZClOOl (C2-P2 primers), respectively.
Analysis of rpoB transcripts
Whole cell RNA was isolated using aurintricarboxilic acid as a nuclease inhibitor (34) . For Northern analysis, 20 fig of total cell RNA from photoautotrophically grown cells were electrophoresed through 1.0% agarose gels containing 0.66 M formaldehyde. The RNA was transferred to GeneScreen membranes (NEN, Dupont), (35) . RNAs of known size (BRL-RNA ladder) were used as molecular weight standards. Hybridization probe was synthesized using a plasmid DNA deletion clone of pECZ932. It was linearized at the Seal restriction site at position 1176 and a [ 32 P]-labeled RNA transcript of 3.9 kb was synthesized using T7 RNA polymerase and pEZC932 as a template (Promega, Technical bulletin 002). The probe was complementary to exon 1 through the 5'-end of exon 9. Hybridization was carried out in 50% formamide, 5x SSPE (SSPE: 0.18 M NaCl, 0.01 M sodium-phosphate, 1 mM EDTA), 1 % SDS, 0.5 mg/ml Ficoll, 0.5 mg/ml polyvinyl pyrrolidone, 0.5 mg/ml BSA, and 100 /tg/ml herring sperm DNA at 55°C for 24 hours. Following hybridization, the filters were washed in 2x SSC (SSC: 0.15 M NaCl, 0.15 M sodium-citrate) at room temperature for 15 minutes, two times in 2 x SSC, 2 % SDS at 65°C for 20 minutes and once in 0.1 x SSC at room temperature for 15 minutes, blotted dry and exposed to Kodak SB-5 X ray film. 
RESULTS

Molecular cloning, organization and genomk DNA sequence of the rpoB gene
The region of the Euglena gracilis chloroplast genome containing the rpoB gene was cloned as two different restriction fragments. The 5.1 kb EcoRI-BamHI restriction fragment from EcoF (19) and the EcoRI fragment EcoR (restriction map, Fig. 1 ). In order to sequence across the EcoRI restriction site between EcoF and EcoR ( Fig. 1) , the 2 kb Hindlll fragment, Hind36, was also sequenced. The complete nucleotide sequence (5760 bp) of 100% of both strands of the rpoB locus, including the upstream spacer region, the 5S rRNA gene, and the 5'-end of the downstream rpoCI gene was determined (Fig. 2) . The sequence includes 97 bp of the 5S rRNA gene (19) followed by an intergenic spacer of 1264 bp. The rpoB gene spans a region of 4248 bp. It is of the same polarity as the ribosomal RNA operons (19) and the rpoCI gene (C. Radebaugh, G. Yepiz-Plascencia and R.B. HaJlick, manuscript in preparation). The overall gene organization is shown in Fig. 1 .
Cloning and sequencing of cDNAs
Identification of the exon-intron boundaries in the Euglena rpoB gene was much more difficult than with other Euglena chloroplast genes because of the relatively low conservation of amino acid sequences among chloroplast and prokaryotic rpoB-like gene products. Exons were initially identified via the FASTP search algorithm, as encoding portions of polypeptides similar to other rpoB polypeptides. Introns were detected as very AT rich interruptions in putative protein coding regions that contained in-frame termination codons. However, it was not possible to accurately determine the exon-intron boundaries from the genomic chloroplast DNA sequence alone. Therefore, synthetic oligonucleotide primers were synthesized for PCR amplification of specific rpoB cDNAs. The primers correspond to conserved exon domains in the predicted rpoB polypeptide. The primers Cl, complementary to the RNA sequence of exon 9, positions 2986-2970, and C2, complementary to exon 7, positions 4651 -4634 were used for cDNA synthesis. The resulting cDNA reaction products were amplified by the PCR. For every amplification reaction a pair of primers (Cl-Pl or C2-P2) and the cDNA synthesis products were employed (see materials and methods). A diagram of the cDNA-PCR amplified DNA fragments is shown in Fig. 1 . The PCR-amplified DNA designated cDNA-1 is the product of the amplification of rpoB mRNA from the 3'-end of exon 2 through the 5'-end of exon 8. It is a DNA fragment of 850 bp. cDNA-2 is the product of the amplification from the 3'-end of exon 8 to the 5'-end of exon 9. It is a DNA fragment of 720 bp. Both double stranded cDNAs fragments were cloned and sequenced. The assignment of the splice boundaries for introns 2 through 8 is based on comparison of the cDNA and genomic sequences. An example of the data from the genomic and cDNA sequences used to determine the exon 5 and 6 splice boundaries is shown in Fig. 3 . Direct sequencing of the spliced mRNA product, using a 20-nt primer complementary to exon 2, positions 1530-1511 (primer C), was employed to determine the sequence at the exon 1-exon 2 junction (data not shown). Thus, all of the splice boundaries for the rpoB introns were experimentally determined. The rpoB gene is interrupted by seven small introns of 93, 95, 94, 99, 101, 110, and 99 nt, and a larger intron of 309 nt beginning at positions 1400, 1720, 1898, 2105, 2423, 2564, 2816 and 4248, respectively ( Figs. 1 and 2 ).
Ribosome binding sites
Within the 20 bases immediately preceding the start codon of the rpoB gene is a sequence complementary to both the 3' end of the 16S rRNA from Euglena chloroplast (5'CAACUCCC-OH 3') and the experimentally determined ribo-oligonucleotide binding sequences (5'CUCCC-OH 3') for the small ribosomal subunit of Euglena chloroplast ribosomes (36, 37) . The sequence 5'GTGAG 3' (-8 to -3) differs by one base from the sequence 5'GGGAG 3' (complementary to 5'CUCCC-OH 3'). The E. gracilis rpoB gene product and its homology to bacterial and chloroplast RNA polymerase /3-subunits The E. gracilis rpoB gene spans a region of 4249 bp. The derived amino acid sequence of the exons is shown in Fig. 2 . The ATG initiator codon for rpoB is at position 1363. The mature rpoB mRNA has a minimum size of 3.2 kb. It encodes a polypeptide of 1082 amino acids with a predicted molecular weight of 124,288. This predicted molecular weight is close to one of the prominent polypeptides from the E. gracilis 'TAC RNA polymerase (118,000) (4). Based on the Northern analysis (described below and C. Radebaugh, G. Yepiz-Plascencia and R.B. Hallick, manuscript in preparation), rpoB is the first gene in the tricistronic rpoB-rpoCl-rpoC2 operon. The ATG initiator codon for the rpoCl gene, lies 85 bp downstream of the rpoB termination codon.
The FASTP algorithm was used to identify protein sequences in the PIR data base with similarity to the Euglena rpoB gene product. The only sequences that were selected with significant similarity scores were RNA polymerase subunits from chloroplast, bacteria and eukaryotic nuclei. A progressive multiple alignment program (32) was then used to compare the amino acid sequences of the selected bacterial, chloroplast and eukaryotic /3-like subunits. The sequences are aligned progressively, beginning with the most similar pair and continuing with the addition of the next most similar sequence or set of sequences. The E. gracilis chloroplast rpoB gene product was aligned with the /3-subunit sequence of E.coli (38) , and S. typhimurium (39) RNA polymerase, and with the predicted polypeptides from chloroplast genes of tobacco (40), spinach (15) , Marchantia polymorpha (2), the partial sequence from Saponaria qfficinalis (41) and the homologous eukaryotic polypeptides from the Drosophila melanogaster locus DmRP140 (12) and the Saccharomyces cerevisiae locus RPB2 (11) . The multiple protein alignment is shown in Fig. 4 .
We identified six highly conserved regions present in all the rpoB gene products: region I (114 amino acids, positions 14- 940-1033) (Fig. 4) . All the chloroplast sequences, including Euglena, have small deletions at the amino termini and a larger deletion centered at position 1000 when compared to the bacterial genes. Particularly interesting is an insertion of 35 amino acids only present in the Euglena gene at positions 598-633. This is not a PCR artifact since the region was sequenced from two independently isolated cDNA clones. It is flanked by a poorly conserved upstream region, whereas, the downstream sequence has a higher amino acid similarity (region IV, amino acids 641 -812 in Euglena). It corresponds to amino acids 756-931 in the E. coli polypeptide that presumably take part in the formation of the enzyme-DNA binding site of the allosteric regulation center responsible for the interaction with ppGpp (42).
In the E. gracilis polypeptide, the analogue to the E. coli Cys 764 residue (42) , essential for the enzyme interaction with the DNA template is substituted by Tyr 649, but two Cys residues, Cys 616 and Cys 680 are present in close proximity. In the case of the E. coli polypeptide, most of the mutations conferring rifampicin and streptolydigin resistance have been localized to amino acids 511 -576 (42) . This region corresponds to the E. gracilis amino acid residues 365-429, region II. It contains 27 identical amino acids and 24 conservative replacements. A region of 118 residues (positions 932-1050) in E. coli, is substituted by only 10 residues in E. gracilis (positions 813-823) and also in the higher plant chloroplast homologues. This region was shown to be redundant in E. coli, since its deletion did not sufficiently influence enzymatic properties (42) . Two of the most highly conserved regions, corresponding to regions IV and V, amino acids 796-819 and 861-877, in E. gracilis are homologous to the E. coli domains involved in nucleoside triphosphate binding (positions 1047-1070 and 1228-1244 in the E. coli polypeptide). These domains have been identified in E. coli by affinity labelling of the polypeptide with an initiating substrate analogue. They contain the lysine residues and histidine 1237 that are situated in the nearest neighborhood to, or directly involved in, the formation of the active center of initiating substrate binding (43) . The Euglena rpoB gene product has about 30% identity with homologous bacterial and chloroplast polypeptides at the amino terminus and a higher conservation of 48% at the carboxy terminus. The overall amino acid sequence identities with the bacterial, chloroplast and eukaryotic genes are summarized in table 1. that were present in all of the RNA samples (Fig. 5) . Differences in migration by the RNA samples are due to salt concentration. The RNA species of 3.2 kb most likely represents the mature fully spliced rpoB mRNA. This size is in very close agreement with the minimum size message of 3.2 kb predicted from the nucleotide sequence. An unspliced, rpoB pre-mRNA would be 4.2-4.3 kb in size. Transcripts of this size were not detected in any of the RNA samples. In contrast, discrete transcripts of 4.7 and 7.7 kb, (larger than the region encoding the rpoB gene) were detected (Fig. 5) . The 4.7 and 7.7 kb transcripts are interpreted as fully spliced di-and tri-cistronic mRNAs of rpoBrpoCl, rpoB-rpoCl-rpoC2 mRNAs, respectively.
Expression of the chloroplast rpoB gene
DISCUSSION
Gene organization
The organization of the rpoB-rpoC (or rpoB-rpoCl-rpoCl) operon has been conserved throughout evolution. The same gene order is found in bacteria (38, 44) and in chloroplast from spinach (15) , tobacco (3), liverwort (2) rice (16) and Euglena gracilis. The location of the Euglena chloroplast rpoB-rpoCl-rpoCl operon distal to, and in the same polarity as, the ribosomal RNA operon has some additional similarity to the arrangement of these same genes in E. coli. The E. coli rpoB-rpoC genes are within the rif cluster (44, 45) . The gene arrangement is rmB operon, 4 tRNA genes, tufB, rplK-rplA, rpU-rplL-rpoB-rpoC. The chloroplast equivalent of rplK (rplll), rplA (rpll), rpLJ (rpllO), and rplL (rpl7/rpll2) are all believed to be nuclear encoded in plants. The juxtapositioninenomes.g of the Euglena RNA polymerase operon distal to the ribosomal RNA operons is perhaps noteworthy because of the overall similarity to the E. coli rif cluster.
The large intercistronic region of 1.2 kbp between rrnC and rpoB is at present unexplained. Large intercistronic regions are uncommon in chloroplast genomes. In Euglena chloroplast DNA, most intercistronic spacers are less than 100 bp length (46) . Although a protein coding locus for this region cannot be ruled out at present, we do not find any open reading frames in this region with similarity to known proteins in the P.I.R. data base. In addition, transcripts from this region could not be detected from either DNA strand by Northern blot hybridization (data not shown).
cDNA synthesis It would not have been possible to predict the rpoB exon-intron boundaries from the DNA sequence alone. Traditional techniques for cDNA synthesis involving oligo-dT primers were not suitable, since chloroplast mRNAs are not polyadenylated. The techniques of cDNA cloning and PCR amplification proved to be very useful for characterizing chloroplast RNA processing products. To our knowledge, this represents one of the first examples of cloned chloroplast cDNAs by PCR amplification. This approach should have wide applicability to future studies on organelle RNA maturation pathways.
Gene expression
The rpoB and rpoC genes are co-transcribed in E. coli (44) . In spinach and pea chloroplast it was not possible to detect cotranscription of rpoB-rpoCl-rpoC2, using Northern analysis and [ 32 P]-DNA-labeled probes (15, 47) , although, it was concluded from S1 mapping analysis that the genes were co-transcribed in spinach (15) . It was proposed that the failure to detect these transcripts in pea was due to a very low abundance of the transcripts or that the RNA polymerase genes were pseudogenes (47) . The 3.2, 4.7 and 7.7 kb transcripts detected via Northern analysis with the rpoB gene-specific probe are much larger than the predicted unspliced rpoB precursor mRNA.
Properties of the rpoB introns
The presence of introns in Euglena protein genes has been extensively documented (46) . The number, position and type of introns appears to be distinct from the higher plant chloroplast genomes. In particular, all the higher plant chloroplast rpoB genes characterized thus far do not contain any introns (1, 2, 46 (20) . The properties of Group II introns include highly conserved 5'-and 3'-boundary sequences, a minimum size of > 300 nt, and conservation of a core structural feature. The boundary sequences for rpoB intron 8, 5-'GTGCGA and AGTTTTAT-3', match the consensus sequences for Group II intron splice boundaries (48) . This intron may be folded into a RNA secondary structure typical of group II introns (48) , with six helical domains radiating from a central core. The fifth helix is a 14 base-paired stem-loop and the sixth stem contains an unpaired adenine residue that has been proposed to be a branch point for lariat formation (48 V and VI for intron 8 of rpoB is shown in Fig. 6 . It has been suggested (20, 22) that the conserved nucleotides at the intron boundary sequences could play an important role in the splicing mechanism, and that perhaps Group III introns are a highly degenerate version of Group II introns, representing the minimum size required for correct splicing. We are presently characterizing events in the rpoB mRNA maturation pathway, and studying the relationship among the RNA polymerase gene products, and the two different DNAdependent RNA polymerase activities present in the Euglena chloroplast.
